Evaluating the landscape of gene cooperativity with receptor tyrosine kinases in liver tumorigenesis using transposon-mediated mutagenesis by Fan, Yannan et al.
HAL Id: hal-02368874
https://hal.archives-ouvertes.fr/hal-02368874
Submitted on 22 Jan 2020
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
Evaluating the landscape of gene cooperativity with
receptor tyrosine kinases in liver tumorigenesis using
transposon-mediated mutagenesis
Yannan Fan, Sehrish Bazai, Fabrice Daian, Maria Arechederra, Sylvie
Richelme, Nuri Temiz, Annie Yim, Bianca Habermann, Rosanna Dono, David
Largaespada, et al.
To cite this version:
Yannan Fan, Sehrish Bazai, Fabrice Daian, Maria Arechederra, Sylvie Richelme, et al.. Evaluat-
ing the landscape of gene cooperativity with receptor tyrosine kinases in liver tumorigenesis us-
ing transposon-mediated mutagenesis. Journal of Hepatology, Elsevier, 2019, 70 (3), pp.470-482.
￿10.1016/j.jhep.2018.11.027￿. ￿hal-02368874￿
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
1 
 
 
 
Evaluating the landscape of gene cooperativity with RTKs in liver 
tumorigenesis using transposon-mediated mutagenesis 
 
Yannan Fan1,#, Sehrish K. Bazai1,#, Fabrice Daian1, Maria Arechederra1, Sylvie Richelme1, 
Nuri A. Temiz2, Annie Yim3, Bianca H. Habermann1, Rosanna Dono1, David A. 
Largaespada2, and Flavio Maina1,* 
 
1 Aix Marseille Univ, CNRS, Developmental Biology Institute of Marseille (IBDM) UMR 
7288, Parc Scientifique de Luminy, Marseille (France) 
2 Department of Pediatrics, Masonic Cancer Center, University of Minnesota, Minneapolis, 
MN, USA 
3 Computational Biology Group, Max Planck Institute of Biochemistry, Martinsried 
(Germany) 
 
# Equal contribution 
* Corresponding author 
 
Contact information of the corresponding author 
Flavio Maina 
IBDM (Developmental Biology Institute of Marseille) 
163 Avenue de Luminy, case 907 - 13009 Marseille (France) 
Tél: +33(0)4 91 26 97 69 
Manuscript without highlighted corrections
Click here to view linked References
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
2 
 
 
 
flavio.maina@univ-amu.fr 
Keywords 
Liver cancer mouse model; RTKs; tumour suppressors; oncogenes; cooperative genes with 
RTKs; signalling; hepatocellular carcinoma; HCC patients; functional screening 
 
Electronic word count: 7469 
Number of figures: 8 
 
Conflict of interest 
The authors declare no conflicts of interest that pertain to this work. 
 
Financial support 
This work was funded by INCa (Institut National du Cancer; PL06_078 and PLBIO12-057), 
FdF (Fondation de France; 2014_00051580 and 2016_00067080), ARC (Association pour la 
Recherche contre le Cancer; SFE2011_1203807), and GEFLUC – Les Entreprises contre le 
Cancer to F.M. Y.F. was supported by the China Scholarship Council (201206350070). 
S.K.B. was supported by the Higher Education Commission (HEC) of Pakistan – France 
Campus. M.A. was supported by a FdF fellowship. D.A.L. is supported by an American 
Cancer Society Research Professorship. AY was supported by grant HA 6905/2–1 of the 
Deutsche Forschungsgemeinschaft (DFG) and an ERASMUS+ fellowship. The contribution 
of the Region Provence Alpes Côtes d’Azur and of the Aix-Marseille Université to the IBDM 
animal facility is also acknowledged. The funders had no role in study design, data collection 
and analysis, decision to publish, or preparation of the manuscript. 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
3 
 
 
 
Authors' contributions 
Y.F.: performed the whole transposon screen and the majority of the experiments; data 
analysis; provided inputs on the manuscript. 
S.K.B.: performed the molecular and functional validation of selected candidates. 
F.D.: performed the majority of the computational work, data analysis, and interpretation. 
M.A.: performed computational work with human HCC databases and interpretation; 
provided inputs on studies and on the manuscript. 
S.R.: generated and characterised immorto-WT and immorto-R26Met hepatocytes; contributed 
to functional validation studies of candidate genes. 
N.A.T.: performed transposon integration data analysis. 
A.Y.: performed DAVID and KEGG analyses and contributed to computational work using 
the human HCC cohort from TCGA database. 
B.H.H.: supervised analyses on DAVID, KEGG, and extraction of human HCC cohort data; 
provided inputs on the manuscript. 
R.D.: contributed to establishing the Alb-R26Met mouse model; provided inputs on studies and 
on the manuscript. 
D.A.L.: provided support for transposon sequencing and computational studies; provided 
input on writing the paper. 
F.M.: designed the study, contributed to experimental work, analysed and interpreted data, 
ensured financial support, and wrote the paper. 
 
  
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
4 
 
 
 
Abstract 
Background & Aims: The variety of alterations found in hepatocellular carcinoma (HCC) 
challenges the identification of functionally relevant genes and their combinatorial actions in 
tumorigenesis. Deregulation of Receptor Tyrosine Kinases (RTKs) is frequent in HCC, yet 
little is known about the molecular events that cooperate with RTKs and whether these 
cooperative events play an active role at the root of liver tumorigenesis. 
Methods: A forward genetic screen was performed using Sleeping Beauty transposon 
insertional mutagenesis to accelerate liver tumour formation in a genetic context in which 
subtly increased MET RTK levels predispose towards tumorigenesis. Systematic sequencing 
of tumours identified common transposon insertion sites, thus uncovering putative RTK 
cooperators for liver cancer. Bioinformatic analyses were applied to transposon outcomes and 
human HCC datasets. In vitro and in vivo (through xenografts) functional screens were 
performed to assess the relevance of distinct cooperative modes to confer tumorigenic 
properties with RTKs. 
Results: We identified 275 genes, most of which are altered in HCC patients. Unexpectedly, 
these genes are not restricted to a small set of pathway/cellular processes, but cover a large 
spectrum of cellular functions, including signalling, metabolism, chromatin remodelling, 
mRNA degradation, proteasome, ubiquitination, cell cycle regulation, and chromatid 
segregation. We validated 15 tumour suppressor candidates, as shRNA-mediated targeting 
confers tumorigenicity to RTK-sensitized cells, but not to cells with basal RTK levels. This 
demonstrates that the context of enhanced RTK levels is essential for their action in tumour 
initiation. 
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Conclusion: Our study identifies unanticipated genetic interactions underlying gene 
cooperativity with RTKs in HCC. Moreover, these results show how subtly increased levels 
of wild-type RTKs provide a permissive context allowing a large spectrum of deregulated 
mechanisms to initiate liver cancer. 
Lay summary:  
Receptor tyrosine kinases (RTKs) are among signals frequently deregulated in hepatocellular 
carcinoma patients and their deregulation confers essential biological properties to cancer 
cells. We have applied a genetic method to randomly mutate large numbers of genes in the 
context of a mouse model with increased RTK levels, predisposed to develop liver cancer. We 
identified mechanisms that accelerate tumour formation in cooperation with enhanced RTK 
levels. The wide array of cellular functions among these cooperators illustrates an 
extraordinary capability of RTKs to render the liver more vulnerable to additional alterations, 
by priming cells for tumour initiation.  
 
Electronic word count of the abstract: 274 
 
Highlights 
 A transposon genetic screen uncovered 275 putative RTK cooperators for liver cancer 
 Most identified genes are also altered in HCC patients 
 RTK cooperators are regulators of a large spectrum of cellular functions 
 Enhanced RTK levels allow a broad range of mechanisms to initiate liver cancer 
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Introduction  
Hepatocellular carcinoma (HCC) is among the most aggressive cancers, with an increasing 
incidence, and few therapeutic options[1]. The exceptional investments on -omics studies over 
the last decade have unveiled not only an impressive list of alterations, but also a high degree 
of molecular heterogeneity between HCC patients[2, 3]. The uniqueness of HCC in its 
alterations and heterogeneity may explain how treatments effective in other cancers have 
largely failed when applied to HCC[4]. Such context challenges the interpretation of -omics 
data, with the necessity to: 1) determine which of these alterations are functionally relevant 
for tumorigenic properties, 2) distinguish sets of alterations with a tumour-boosting efficiency 
linked to specific patient subtypes or genetic contexts, and 3) elucidate how different 
combinatorial alterations can lead to equivalent versus divergent fitness outcomes in cancer 
cells. The identification of functionally relevant signals, and of functional synergistic 
interactions between co-occurring events, is further complicated by the fact that some signals, 
although rarely mutated in HCC, are frequently activated in a high proportion of patients and 
are considered key regulators of tumorigenesis. It is the case, for example, for some receptor 
tyrosine kinase (RTK) pathway genes[4, 5]. The implication of deregulated RTK signalling in 
HCC is well established and RTK targeting agents are actively explored for combined 
therapies[6]. 
The Hepatocyte Growth Factor (HGF) receptor MET is one of the RTKs highly relevant in 
HCC. Although MET mutations are rare in HCC[7], MET is activated in close to 50% of 
cases[8] and this correlates with poor prognosis[9-12]. Overall, evidences implicating MET in 
HCC are sufficiently strong to have warranted several clinical trials of MET inhibitors[11, 13, 
14 ]. We have engineered a unique conditional transgenic mouse model (R26stopMet mice)[15-
17] in which expression of wild-type MET can be slightly enhanced above its endogenous 
level in the liver (Alb-R26Met mice). We demonstrated that an approximatively 3-fold 
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enhancement of MET levels in Alb-R26Met mice is sufficient to perturb tissue homeostasis 
overtime in the liver, consecutively leading to tumour initiation and evolution into HCC[18]. 
The clinical relevance of this liver cancer model is supported by studies showing that Alb-
R26
Met HCCs: 1) express MET levels comparable to those reported in ~20% of human HCC 
cases[18]; 2) exhibit active, phosphorylated MET, as observed in close to 50% of HCC 
patients[8]; 3) model the so-called HCC “proliferative-progenitor” patient subclass[18]; 4) 
while resistant to treatment with Sorafenib, are sensitive to new synthetic lethal interactions 
we identified[18].We recently illustrated that Alb-R26Met HCC are strikingly enriched in genes 
that are simultaneously overexpressed and hypermethylated in gene body CpG islands (CGIs), 
again similar to the “proliferative-progenitor” patient subclass[19]. Such events are predictive 
of elevated levels of proto-oncogenes, which together act as an “oncogene module”[19]. 
Therefore, the Alb-R26Met mouse model is particularly suitable to identify non-predictable 
genetic interactions underlying gene cooperativity with RTK during liver tumour initiation. 
In the present study, we combined the Sleeping Beauty (SB) transposon mutagenesis 
system[20] with Alb-R26Met livers, as an approach to accelerate liver tumour formation. Upon 
characterization of transposon-insertion sites in the resulting tumours, we report the 
identification of 275 genes as putative cooperators of RTKs in tumorigenesis and show that 
most of them are altered in HCC patients. We identified co-occurring gene alteration events 
that are also present in HCC patients. Bioinformatic analyses illustrate that the Alb-R26Met-
transposon genes exert distinct functions in cells. We established the tumour-suppressive 
capability of 15 candidates belonging to distinct cellular mechanisms. We demonstrated that 
the context of enhanced RTK levels is essential, as downregulation of these tumour 
suppressors in wild-type cells without enhanced RTK levels does not confer tumorigenicity. 
Collectively, our results show how subtly increased levels in wild-type RTKs provides a 
permissive context allowing multiple deregulated mechanisms to initiate liver cancer.  
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Materials and Methods 
More detailed procedures can be found in the Supplementary Data and Supplementary CTAT 
Table. 
Genomic DNA processing, pyrosequencing, and transposon integration data analyses 
Ligation-mediated PCR with genomic DNA from 248 tumours, pyrosequencing data and 
findings processing was performed as previously reported[21]. 
Co-occurring events in Alb-R26Met-transposon screen and in HCC patients  
Co-occurrence analysis was performed to identify genes frequently mutated in the Alb-R26Met-
transposon screen at a higher frequency than expected by chance[22]. A co-occurrence 
tumour mutation contingency table was built to calculate co-occurrence p-values by 
performing a Fisher exact test (FET) on each couple of Alb-R26Met genes. We applied a 
Benjamini-Hochberg FDR correction and a threshold of significance was established at <0.05, 
leading to the identification of 119 pairs of co-occurring events (Table.S5). Several genes 
were identified as co-occurrences also in HCC patients based on co-concurrent differential 
expression (Log2 fold-change >1 or <-1). We then built a contingency table, performed FET 
on each gene couple, then applied a Benjamini-Hochberg FRD correction using <0.05 as 
significant level (Table.S5).  
Western blots 
Protein extracts from livers, tumours, immorto-WT and immorto-R26Met hepatocytes were 
processed for western blots, as previously described[8, 16, 23]. 
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Cell cultures 
Primary culture of E15.5 wild-type and R26Met embryonic hepatocytes were established as 
previously described[24-26]. Hepatocytes were immortalized by adapting a procedure 
previously reported[27].  
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Results 
SB-induced mutagenesis accelerates tumour development triggered by subtle 
enhancement of wild-type RTK MET levels. 
To search for genes whose mutations may accelerate tumorigenicity by slightly enhanced 
wild-type RTK MET levels[18], we combined the Alb-R26Met mice with the SB transposon 
mutagenesis system in which conditional expression of the SB transposase leads to transposon 
(T2/onc2) mobilization in the liver (Fig.1A, Fig.S1A,B). As the SB has the tendency to favour 
transposon jumping adjacent to the donor concatemers, a phenomenon known as “local 
hopping”, we performed our screen using T2/onc2-6070 and T2/onc2-6113 lines, which carry 
transposon concatemers on chromosome 4 and 1, respectively. The resulting Albcre-T2/onc2-
R26
SB/+ mice are referred to as “Tripletg” (Fig.1A). We confirmed that Alb-cre-mediated 
excision of the stop cassette in the liver simultaneously leads to conditional expression of 
METtg and SB transposase in Albcre-T2/onc2-R26SB/Met livers (referred to as “Quadrupletg”; 
Fig.1A-C). Quadrupletg started to develop tumours around 30 weeks of age, a stage when 
tumours are still not detected in the Alb-R26Met genetic setting as tumorigenesis starts around 
40-48 weeks[18] (Quadrupletg with T2/onc2-6070: 51%; Quadrupletg with T2/onc2-6113: 
64%; Fig.1D-F, Table.S1). In contrast, only 1 Tripletg in each T2/onc2 line developed tumours 
(Fig.1D-F, Fig.S1C Table.S1). Thus, irrespective of the initial location of the transposon 
concatemers, such ideal context in which only Quadrupletg develop tumours at 30 weeks of 
age offered the possibility to unambiguously search for alterations underlying putative genetic 
interactions with wild-type RTKs during tumour initiation. 
Identification of putative cancer-related genes accelerating tumorigenesis by slightly 
enhanced RTK MET levels.  
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
11 
 
 
 
A total of 248 liver tumours were collected from Quadrupletg (with either T2/onc2-6070 or 
T2/onc2-6113 line) and successfully processed for pyrosequencing analysis. The procedure 
involved DNA barcoding of each tumour to pool and process them simultaneously, as 
previously reported[21]. TAPDANCE analysis identified ~47,000 non-redundant regions of 
transposon insertion, and defined 312 common insertion sites (CISs)[28] in tumour samples 
from Quadrupletg. We then annotated these CISs to the nearest mouse gene, thereby 
identifying 275 genes (named as Alb-R26Met-transposon genes; defined by the identification 
of at least 8 insertions in at least 8 libraries; Fig.S1D). Based on sequencing read counts for 
each Alb-R26Met-transposon gene, transposon insertions occurred in more than 10% of 
tumours for 32 genes, suggesting that these genes are among the most frequent regulators of 
liver tumour initiation (Fig.S1D,E, Fig.S2, Table.S2). We positioned the orientation of 
transposon integration in each gene and examined orientation biases of SB insertions to 
predict effects on genes (Fig.S1F, Table.S2). By integrating these data with the location and 
the distribution of transposon insertions within the gene locus, we predicted putative effects 
on the Alb-R26Met-transposon genes. For 103 genes, insertions were randomly distributed 
through the gene and occurred in both orientations or with a bias toward antisense, indicating 
that the contribution of these genes to tumorigenesis likely resulted from loss of gene 
function. These genes were thus predicted as putative tumour suppressors. For 29 genes, 
transposon insertions were most likely compatible with gain-of-function expression of full 
length or truncated forms. These genes were thus predicted as putative oncogenes. For the 
remaining 143 genes, orientation and position of transposon insertions could predict either 
gene disruption or generation of truncated forms. 
Most of the putative cancer-related genes identified in the Alb-R26Met genetic setting are 
deregulated in a proportion of HCC patients. 
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We next determined the relevance of Alb-R26Met-transposon genes to human cancer and 
particularly to HCC pathogenesis. For comparisons between mouse and human data, the 
corresponding human orthologues to the Alb-R26Met-transposon genes was determined. 
Accordingly, 267 mouse genes were matched to the corresponding human gene (99/103 
predicted tumour suppressors, 29/29 predicted oncogenes, 139/143 genes for which the effect 
of transposon insertions was uncertain; Fig.S3A, Table.S3). By querying the Catalogue of 
Somatic Mutations in Cancer (COSMIC) databases, we identified 41 genes frequently 
mutated in human cancer (P=1.80E-20, 719 Census genes, hypergeometric-test; Fig.2A, 
Table.S3). 
Next, we explored how alterations of Alb-R26Met-transposon genes are associated with HCC 
pathogenesis using The Cancer Genome Atlas (TCGA) database. We analysed both 
expression changes (data available for 371 patients) and the presence of mutations (data 
available for 363 patients). Concerning mutations, we found that some of the Alb-R26Met-
transposon genes are also mutated in HCC patients[3] (Fig.2B, Table.S3). Overall, 71 (26%) 
of Alb-R26Met-transposon genes are mutated in at least 1% of patients and 218 (79%) genes in 
at least 1 HCC patient (Table.S3). Concerning changes in expression levels, data were 
available for 251 out of the 267 orthologues human genes (Fig.S3A, Table.S3). All the 251 
Alb-R26
Met
-transposon human orthologue genes are differentially expressed in at least a 
proportion of the 371 analysed HCC patients (Table.S3). In particular, the 29 predicted 
oncogenes are upregulated in a proportion of HCC patients ranging from 6% to 65% (Fig.2C, 
Table.S3). Concerning the 86 predicted tumour suppressors, a large set of HCC patients has 
consistent decreased expression levels (Fig.2D, Table.S3). In particular, 66 predicted tumour 
suppressors are downregulated in at least 6% of human HCC, ranging up to 81% for GHR 
(Fig.2D). We also analysed the expression levels for the 136 Alb-R26Met-transposon genes for 
which we could not predict whether they act as tumour suppressors or oncogenes in the Alb-
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R26
Met genetic setting. Remarkably, a large set of human HCC is characterized by 
deregulation of these genes, with several of them predominantly either upregulated or 
downregulated (Fig.2E, Fig.S3B, Table.S3). 
We then explored whether altered expression levels of the Alb-R26Met-transposon genes 
correlate with MET levels in HCC patients. Concerning predicted oncogenes, there is a 
striking positive correlation between their overexpression and high MET expression levels 
(Fig.3A,B, Table.S3). For predicted tumour suppressors, we found instead that their 
downregulation predominantly occurred in HCC patients with low MET levels (Fig.3A,C, 
Table.S3). The same types of correlation characterise those genes for which the effect of 
transposon insertions was uncertain: whereas a large proportion of them are predominantly 
overexpressed in HCC patients with high MET levels, the others are mainly downregulated in 
patients with low MET levels (Fig.S3, Table.S3). Thus, although our screen in mice shows 
that MET can trigger tumorigenesis in cooperation with targeted tumour suppressors, in HCC 
patients with enhanced MET levels, tumorigenesis can occur even without major deregulation 
of this tumour suppressor set. It is tempting to speculate that MET might alleviate the need of 
lowering tumour suppressor levels, for example by increasing oncogene levels. Furthermore, 
the intriguing correlation between high levels of predicted oncogenes and MET in HCC 
patients is reminiscent of a novel mechanism we recently discovered, in which MET-driven 
HCC is characterised by high dosage of oncogenes through CGI hypermethylation in gene 
body[19]. 
Recent studies using human HCC databases have identified 5 major signalling pathways 
commonly altered in human HCC: PI3K/Ras signalling (here we named as RTK signalling); 
WNT/β-catenin, chromatin remodelling, p53/cell cycle, oxidative/endoplasmic reticulum 
stress[29, 30]. To corroborate the relevance of Alb-R26Met-transposon genes in HCC biology, 
we analysed which of them belong to these 5 major signalling pathways and identified 96 
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genes. Intriguingly, the list of Alb-R26Met-transposon genes is enriched in those involved in 
RTK signalling (48 genes), WNT/β-catenin (27 genes), chromatin remodelling (20 genes), 
rather than in p53/cell cycle (10 genes) and oxidative/endoplasmic reticulum stress (3 genes; 
Fig.2F, Table.S4). Consistently, we found activation of RTK and WNT signalling in a set of 
transposon tumours carrying insertions in genes acting as regulators of these pathways 
(Fig.S5). Thus, tumorigenesis modelled by our transposon strategy appears to occur through 
genetic alterations of pathways frequently perturbed in human HCC. 
Co-occurring events discovered in the Alb-R26Met genetic setting arise in a proportion of 
HCC patients. 
We searched for genes co-mutated at a frequency higher than expected by random events and 
identified 119 events of co-occurrence (Fig.4, Table.S5). By analysing the frequency linking 
each of these genes, we reconstituted nodes of interactions, identifying 4 co-occurring 
subnetworks of associated commonly occurrences (Fig.4, Table.S5). Beside these, 11 co-
occurrences not related to the 4 subnetworks were identified (Fig.4). Strikingly, the largest co-
occurring subnetwork involves 43 genes, among which the genes are involved in one or 
multiple types of co-occurrences (for a total of 62 co-occurrences; Fig.4, Table.S5). This large 
subnetwork comprises genes belonging to several pathways, including RTK signalling, 
chromatin remodelling, transcriptional regulation, WNT/β-catenin, ubiquitination.  
Intrigued by these findings, we asked whether co-occurring events identified in the Alb-R26Met 
genetic setting could be recognized as well in HCC patients. Remarkably, 51 co-occurrences 
(43%) were identified in at least 10% of HCC patients (Fig.4, Table.S5). These co-
occurrences included those belonging to the large co-occurring network as well all those 
composing one of the three subnetworks we identified. Thus, a SB transposon mutagenesis 
screen in the Alb-R26Met liver cancer mouse model identifies transcriptomic and genetic 
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alterations as well as co-occurring events in HCC patients. The co-occurrences may reflect 
possible synergistic effects between genes, increasing the likelihood that each of them ensures 
the tumorigenic process. 
The Alb-R26Met-transposon genes identify multiple enriched pathways with distinct 
functions in cells. 
We carried out an analysis of the Alb-R26Met-transposon genes using ReactomePA databases 
and found that several cancer-related pathways are significantly enriched, such as WNT, B 
Cell Receptor, RTK signalling (Fig.S6, Table.S6). To define putative biological functions of 
Alb-R26
Met
-transposon genes, we applied Database for Annotation, Visualisation, and 
Integrated Discovery (DAVID). These analyses allowed us to evidence an enrichment in 
genes related to ubiquitination, signalling pathway, metabolism, transcription, cell motility, 
and cancer (Table.S6). To get further insights into which molecular and cellular functions the 
Alb-R26
Met
-transposon genes belong to, we performed additional enrichment analyses by 
applying the Enrichr tool. Concerning signalling pathways, we found an enrichment of the 
RTK signalling core pathway (e.g. Focal Adhesion-PI3K-mTOR, RTK effectors), TGFβ, 
WNT, NF-kB, immune signalling (e.g. IL-6, IL-7), Delta-Notch, histone modification, 
metabolism, RNA processing, proteasome degradation, ubiquitination (Fig.5A, Table.S6). 
The Alb-R26Met-transposon genes also identify kinases based on their phosphorylation targets 
or the set of genes they are coexpressed with (Fig.5B, Table.S6). Similarly, the Alb-R26Met-
transposon genes also identify a number of kinases recognizable by signatures of gene 
perturbations (upregulation/downregulation) following kinase knock-down (Fig.5C, 
Table.S6). Concerning transcription, several transcription factors were enriched for either co-
occurring or interacting with sets of Alb-R26Met-transposon genes (Fig.5D, Table.S6). 
Concerning human disease, most enriched diseases are different types of cancer (with liver 
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cancer ranked third), fatty liver disease, hyperinsulinism, and hyperglycemia (Fig.5E, 
Table.S6). Several Alb-R26Met-transposon genes are computational predicted target of 
microRNA (Table.S6). Next, we searched for associations between the Alb-R26Met-transposon 
genes using STRING, which represents interactions (known or predicted) between genes 
(265/275 genes were found in the STRING database). Remarkably, a projection of Alb-
R26
Met
-transposon genes onto the STRING protein-protein interaction network revealed that 
most of them are part of a network of interactions (179; Fig.6, Fig.S7,S8, Table.S6). Beside 
this large network, four associations were also identified (1 with 3 genes, 3 with 2 genes; 
Fig.6, Fig.S7,S8). These analyses illustrate how the Alb-R26Met-transposon genes are highly 
connected. Deregulations of these genes may propagate throughout the network, thus 
perturbing multiple processes. Collectively, the SB transposon mutagenesis in the Alb-R26Met 
genetic setting highlighted a large spectrum of pathways as potential acting modes for 
tumorigenicity. Moreover, these analyses uncover a putative implication in cancer of some 
genes for which a biological function and/or relevance in cancer was so far largely unknown 
(Table.S2). 
Comparison to other SB-induced cancer liver models identifies a set of ‘putative RTK-
specific genes’. 
Next, we assessed the level of specificity in gene cooperation with enhanced MET levels by 
comparing the Alb-R26Met-transposon genes with those identified in other liver SB screens: 
p53
mut[21]), Mycover[31], HBVtg[32], chemically induced chronic liver injury[33], hepatic 
steatosis[34], epithelial-mesenchymal transition[35]. Among the 275 Alb-R26Met-transposon 
genes, 226 (82%) were found in one or more SB screen cohorts. These genes are likely to be 
relevant to liver cancer, with a competence to cooperate with other sensitizing mutations 
(Fig.7A, Table.S7). Consistently, some of them have been functionally validated for their 
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participation as tumorigenic drivers in other settings. Interestingly however, 49 genes were 
unique to our Alb-R26Met-transposon cohort (Fig.7B, Table.S7). We next assessed through 
bioinformatics whether these genes belong to specific molecular and biological processes by 
applying the Enrichr tool. Several kinases are enriched according to their co-expression with 
sets of ‘putative RTK-specific genes’ (Fig.7C, Table.S7). These ‘putative RTK-specific 
genes’ also identify several kinases recognizable by signatures of gene perturbations 
(upregulation/downregulation) following kinase knock-down (Fig.7D, Table.S7). Among 
enriched kinases, are those belonging to signalling pathways such as MAPK, Insulin, and 
NFkB. Concerning transcription, several transcription factors are enriched according to either 
co-expression or to consensus targets with sets of ‘putative RTK-specific genes’ (Fig.7E, 
Table.S7). Among the top enriched transcription factors are those related to WNT-βcatenin 
and stemness (e.g. CHD1, CHD2, SMAD4, FOXO1, KLF4, TCF3, SOX2). Enrichments also 
included methylated/unmethylated CpG binding-transcription factors as well as genes 
involved in chromatin modifications. Concerning biological processes, enrichments include 
post-translational modifications, ubiquitination, regulation of transcription and splicing, 
chromatin modification, metabolism (Fig.7F, Table.S7). Thus, the ‘putative RTK-specific’ 
Alb-R26
Met
-transposon genes exert as well distinct functions in cells and are part of multiple 
regulatory networks. 
Functional validation of a set of tumour suppressors uncovers the promiscuous 
capability of RTK to cooperate with distinct genes during liver tumour initiation. 
The broad spectrum of cellular regulators highlighted through bioinformatic analysis may 
indicate that a context with subtly enhanced RTK levels can cooperate with alterations of 
different types of mechanisms for liver tumorigenesis. We therefore designed a functional 
validation screen aimed at assessing whether a context of enhanced wild-type MET levels 
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permits altered regulators of distinct cellular mechanisms to initiate transformation. For this 
screen, we selected 16 predicted tumour suppressor candidates (Fig.S9) acting as regulators of 
distinct functions: metabolism (Adk), cell-cycle (Cacul1), proteasome (Ddi2), mRNA 
degradation (Ddx6), chromatin remodelling (Kansl1, Kmt2e, Ncor1), signalling (Ppp6r3,, 
Ptprd, Sorbs2), chromatin segregation (Stag2), ubiquitination (Usp34, Usp47), transcription 
(Zfand3). We also selected two genes which function is largely unknown: Lrch3 and Wbp1L. 
For 11 genes, mutations and downregulation in expression levels were observed in human 
HCC (Table.S3). 
 First, we generated hepatocytes from E15.5 R26Met livers (as well as from E15.5 wild-type 
livers as control) and immortalized them with a SV40 Large T antigen (immorto-R26Met and 
immorto-WT hepatocytes; Fig.8A), a strategy employed in previous studies[31]. The capacity 
of both immorto-R26Met and immorto-WT hepatocytes to grow in arginine-free culture 
conditions confirmed their liver origin. These immorto-R26Met hepatocytes are not 
tumorigenic, as they do not form tumours in immune-compromised mice and colonies in 
anchorage-independent growth assays (Fig.S10A,B). Thus, in this cellular setting, enhanced 
wild-type MET expression levels, although not sufficient on its own, may prime cells towards 
tumorigenesis by providing a sensitized genetic background for cooperativity with additional 
genetic alterations. Western blot analyses revealed an approximately 3-fold increase in MET 
expression levels in immorto-R26Met hepatocytes compared to immorto-WT controls (Fig.8B), 
as previously reported in E15.5 primary embryonic hepatocytes and in Alb-R26Met HCC[16]. 
Qualitative analysis revealed that in both cellular systems, phosphorylation of MET and 
downstream signals is conditioned by HGF stimulation (Fig.8C), coherent with results in 
E15.5 primary embryonic hepatocytes[16, 18]. 
Next, we explored functionality of the 16 tumour suppressor candidates by downregulating 
their mRNA expression levels in immorto-R26Met hepatocytes using the shRNA targeting 
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strategy (Fig.8A). For most candidate genes, we tested 2 to 5 different shRNA targeting 
sequences and chose the most efficient shRNA for functional validation studies (Fig.S10C, 
Table.S8). Transfected cells were then used to assess whether mRNA downregulation of 
candidate genes conferred in vitro and in vivo tumorigenicity to immorto-R26Met hepatocytes, 
thus qualifying them as functional tumour suppressors. To assess cell tumorigenicity in vitro, 
we performed anchorage-independent growth assays. Results show for each tested gene, the 
relative increase in the capacity of immorto-R26Met hepatocytes to form colonies compared to 
cells either non-transfected or transfected with a shRNA control sequence (Fig.8D). These 
results were further strengthened by xenograft studies in nude mice. For 15 of the 16 
candidate genes, shRNA-mediated mRNA downregulation conferred in vivo tumorigenicity to 
immorto-R26
Met hepatocytes (Fig.8E, Fig.S11A). Outcomes also highlighted differences in 
‘fitness’ (tumour-size), possibly reflecting varying potential of these tumour suppressors to 
cooperate with RTK MET when downregulated. The only exception concerned immorto-
R26
Met hepatocytes carrying a shRNA sequence targeting Zfand3 as these cells were unable to 
form tumours (Fig.8E, Fig.S11A).  
Finally, we asked whether these genes were true cooperators, necessitating a primed 
‘enhanced RTK’ context, or whether they would act as tumour suppressors on their own. We 
therefore transfected these shRNA targeting sequences into immorto-WT hepatocytes, then 
performed xenografts in nude mice. Remarkably, shRNA targeting these 16 tumour 
suppressors failed to confer tumorigenicity to immorto-WT hepatocytes (Fig.8F). Thus, our 
findings support a model according to which a primed context, such as the one resulting from 
enhanced RTK levels, is mandatory for manifesting the tumour suppressive action of these 
genes following shRNA targeting. As these genes operate in divergent regulatory circuits, our 
findings illustrate how subtly increased levels of wild-type RTKs provide a permissive setting 
to a plethora of deregulated mechanisms for tumorigenesis. 
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Discussion 
Deregulation of RTK signalling is a frequent event in HCC pathology[6]. Here, to model such 
deregulation, the context of slightly enhanced MET levels has been employed to identify 
genetic alterations that accelerate the event of liver tumour initiation. Studies have been done 
at stages when tumours in Alb-R26Met mice are not present yet (30 weeks old mice) in order to 
identify the bona fide cooperators of RTKs for liver tumour initiation. The absence of tumours 
at this stage in Tripletg (without enhanced MET levels) allows defining the Alb-R26Met-
transposon genes as cooperators of RTKs rather than as drivers of tumorigenicity. This is 
further corroborated by our functional validation studies focusing on 15 tumour suppressor 
candidates, for which we showed that their downregulation confers tumorigenic properties in 
cells with enhanced MET levels (immorto-R26Met hepatocytes), but not in immorto-WT 
hepatocytes. These validation studies also exemplify an extraordinary promiscuous capacity 
of a RTK such as MET to cooperate with multiple genes engaged in distinct cellular 
functions, for liver tumorigenesis. Such large spectrum of cooperativity is further illustrated 
by our bioinformatic studies, which evidenced enrichments among identified cooperators of 
distinct kinases and transcription factors operating in different pathways, as well as 
enrichment of distinct functions in cells. Thus, once a critical signalling threshold is attained, 
RTKs such as MET are rather permissive in terms of competence to act together with 
divergent cooperative inputs in tumorigenesis. Our findings strengthen the role of HGF/MET 
in HCC and exemplify how raised MET activity could play an active role at the root of liver 
tumorigenesis. Notably, increased HGF levels have been reported in patients affected by 
chronic liver disease, also recapitulated in several animal models of chronic liver dysfunction, 
and MET is required during liver regeneration[36-38]. Thus, in a context of chronic liver 
disease, an enhanced MET input, while ensuring regeneration, may render the liver more 
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vulnerable to additional signals, exposing cells to signalling thresholds competent for tumour 
initiation. 
Having identified and functionally validated a set of Alb-R26Met-transposon genes, an 
intriguing issue to explore in future is whether and to what extent these genes represent 
cooperators of the MET RTK specific to the liver context, or whether these cooperators are 
also operational for tumorigenesis in other tissues. Our bioinformatic studies show that the 
Alb-R26
Met
-transposon genes identify different types of cancer among enriched diseases, 
beside liver cancer. Thus, it is likely that a set of Alb-R26Met-transposon genes, when altered, 
could act as cooperators of RTKs in several types of cancers. The R26stopMet genetic system 
offers the possibility of enhancing MET expression in the tissue of choice, according to the 
tissue-specific Cre employed. Therefore, such a genetic approach allows addressing the issue 
of tissue-specificity for qualitative signalling cooperation with RTKs in future. This may be 
particularly relevant in the subset of vulnerable tissues in which a subtle increase in wild-type 
MET expression levels is poorly tolerated, consequently destabilizing cell biological 
properties favouring a tumour initiation event[39], particularly in tissues where the MET 
oncogenic action is well established.  
The comparison we performed between the outcomes of SB transposon mutagenesis carried 
out in the present Alb-R26Met genetic setting and in other settings[21, 31-35] revealed that 
among the 275 Alb-R26Met-transposon genes, aside from a large group of common hits, 49 
genes were only found in the Alb-R26Met context, which we named ‘putative RTK-specific 
genes’. For a proportion of them, it is possible that they could have been missed in previous 
screens because transposon mutagenesis does not reach saturation levels, particularly with 
small numbers of analysed tumours. Additionally, differences in mouse genetic background, 
SB transposon versions, sequencing and bioinformatic analyses, can also limit comparisons of 
genes identified through SB screens[33]. In spite of these limitations, it is tempting to 
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speculate that when altered, at least some of these ‘putative RTK-specific genes’ may be 
competent to exert their tumorigenic potential predominantly in a context with enhanced RTK 
levels (and possibly in few other genetic settings), rather than together with any kind of liver-
sensitizing signals. The possibility of such of genetic specificity in cooperation for 
tumorigenesis has been recently proposed through forward genetic screens in mice[40, 41]. 
Altogether, the knowledge of these Alb-R26Met-transposon genes that we identified in a 
clinically relevant liver cancer genetic model may contribute to the identification of drivers 
operating in HCC patients as well as genetic interactions with altered RTKs in human HCC. 
Ultimately, our results will inform the design of new combinatorial therapies for HCC patient 
subsets. 
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Figure legends  
Fig.1. Genetic settings employed for the Alb-R26Met-transposon screen. (A) Schematic 
representation of the three genetic settings employed for the SB transposon mutagenesis 
screen. Concerning the T2/onc transgenics, a concatemer of transposons is present on 
chromosome 4 (6070 line) or chromosome 1 (6113 line). (B) Immunohistochemical analysis 
reporting β-galactosidase and SB transposase expression in the indicated genetic settings. (C) 
Western-blot analysis of total protein extracts from Tripletg, Quadrupletg, and control livers. 
Note METtg expression specifically in Quadrupletg (detected by anti-human MET antibodies). 
Actin was used as a loading control. (D) Examples of liver tumours in Quadrupletg (arrows). 
Tumour size ranged from 1 to 4 mm diameters (Table.S1). Example of multiple tumours (left) 
or single small tumours within the liver lobes (right) are shown. (E,F) Tumour formation in 
Alb-R26
Met, Tripletg, Quadrupletg at 30 weeks of age. Data correspond to T2/onc2-6070 (E) 
and T2/onc2-6113 (F) lines. Each dot corresponds to a mouse. The percentage (and numbers) 
of mice developing liver tumours is indicated. 
Fig.2. Cross-species comparison implicates the Alb-R26Met-transposon genes in HCC 
pathogenesis and a proportion of them in human cancers. (A) Word-cloud diagram 
reporting the 41 Alb-R26Met-transposon genes frequently mutated in human cancer according 
to the COSMIC Census gene databases (Table.S3). (B) Word-cloud diagram reporting the 
Alb-R26
Met
-transposon genes mutated in HCC patients. The 9 genes significantly mutated in 
human HCC are indicated in black (p-value <0.05). The 70 genes mutated in more than 1% of 
HCC patients are indicated in grey (Table.S3). In A and B, the size of each gene name is 
representative of the percentage of patients with mutations in the corresponding genes. (C-E) 
RNA-seq data from human HCC patients were queried for alterations in Alb-R26Met-
transposon gene expression (Table.S3). (C) Scatterplot depicting HCC patients with 
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upregulation (Log2 fold change (FC)>1) of predicted oncogenes according to effects of 
transposon insertion. (D) Scatterplot depicting HCC patients with downregulation (Log2 fold 
change (FC)<1) of predicted tumour suppressors according to effects of transposon insertion. 
(E) Scatterplot depicting HCC patients with deregulation (Log2 fold change (FC)> or <1) of 
genes for which transposon insertions did not allowed unambiguous effect prediction. Only 
Alb-R26
Met
-transposon genes deregulated in at least 30% of HCC patients are reported. The 
other genes are shown in Fig.S2B. (F) Alb-R26Met-transposon genes belonging to the 5 major 
pathways reported to be altered in HCC patients[29, 30]: RTK signalling, WNT/β-catenin, 
chromatin remodelling, p53/cell cycle, oxidative/endoplasmic reticulum stress. Note an 
enrichment in genes participating to RTK signalling, WNT/β-catenin, and chromatin 
remodelling. The RTK core pathway includes genes either regulating or participating to the 
RTK signalling. Some positive and negative regulations are indicated. Concerning the 
WNT/β-catenin, most genes are organized as negative or positive regulators; genes belonging 
to the WNT/Hippo pathway crosstalk are also highlighted. Concerning chromatin 
remodelling, most genes are grouped into regulators of histone methylation, histone 
acetylation, DNA replication. Concerning p53/cell cycle, genes are organized according to 
their implication in mitosis, cyclin, p53 regulators. 
Fig.3. Predicted Alb-R26Met-transposon oncogenes are predominantly upregulated in 
HCC patients with high MET levels, whereas predicted tumour suppressors are 
predominantly downregulated in patients with low MET.  (A) Heat-map reporting 
expression levels of predicted oncogenes and tumour suppressors (rows) in individual HCC 
patients (columns; organised according to the higher number of patients with upregulated 
oncogenes and downregulated tumour suppressors). Red: upregulated oncogenes; green: 
downregulated tumour suppressors. (B,C) In the graphs, each dot corresponds to a given 
oncogene (B) or tumour suppressor (C), and their position to the percentage of patients in 
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which the gene is upregulated or downregulated, respectively. Significant differences are 
indicated on the top: **:P<0.01; ***:P<0.001. 
Fig.4. Co-occurring events in the Alb-R26Met-transposon screen can be grouped into 
interacting networks, with a large proportion present in HCC patient subsets. Based on 
pairwise comparisons between each Alb-R26Met-transposon genes and Fisher’s exact test, 119 
co-occurrences were identified in the Alb-R26Met liver cancer model. Beside the 11 co-
occurring events concerning only two genes (bottom-right), a large network (composed by 43 
genes) and three subnetworks were spotted (Table.S5). Among the 4 co-occurring 
subnetworks, one of them includes Zfp568, Luc7l2 together with several Ugt1a family 
members, encoded by a single gene locus (Fig.S12). 51 co-occurrences are present in at least 
10% of HCC patients, shown in the figure with blue interconnecting lines in which the 
thickness between two genes represents the percentage of co-occurring events in HCC 
patients. Co-occurring alterations in at least 15% of human HCC are indicated in blue 
(Table.S5). 
Fig.5. Multiple signalling and transcription networks are enriched by the Alb-R26Met-
transposon genes. Enrichment analyses by applying the Enrichr tool. (A) Histogram reporting 
the cell signalling pathway enrichment, ordered according to the combines score (top: 
WikiPathways database; bottom: Reactome database). (B) Histogram reporting the kinases 
identified based on their phosphorylation targets (top: Kinase Enrichment Analysis, KEA 
database) or the set of genes they are coexpressed with (bottom: Co-expressed with kinases, 
ARCHS4 kinases Coex database) sets of identified genes. (C) Histogram reporting kinases 
recognizable by signatures of gene perturbations (upregulation/downregulation) following 
kinase knock-down. (D) Histogram reporting transcription factors enriched for either co-
occurring (left: Enrichr submission TF-Gene Co-occurrence database) or interacting (right: 
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Transcription Factor PPIs database) with sets of Alb-R26Met-transposon genes. Additional 
analyses based on ChEA, Encode & ChEA consensus TFs from ChIP-X, and ARCHS4 TFs 
coexp databases are reported in Table.S6. (E) Histogram reporting enrichment of human 
diseases Jensen Diseases database). In B,C,D, enriched kinases and transcription factors 
belonging to the Alb-R26Met-transposon genes are indicated in red. In all panels, enrichments 
are ordered according to combined scores (values are indicated on the x axis). 
Fig.6. Most of the Alb-R26Met-transposon genes are part of networks of interactions. 
Projection of Alb-R26Met-transposon genes onto the STRING protein-protein interaction 
network highlights a large network of 179 connected nodes. Associations between 3 genes (1) 
and 2 genes (3) are also indicated. The colour of the edges correspond to different types of 
interactions reported on the bottom. Nodes not connected (77) are shown in Fig.S6.  
Fig.7. ‘Putative RTK-specific genes’ identified in the Alb-R26Met genetic setting. (A) 
Schematic representation reporting the genetic comparison to SB screens performed in other 
HCC models (steatosis, chronic injury, epithelial-mesenchymal transition (EMT), HBV, p53, 
MYC mutant background)[21, 31-35]. Vertical bars: number of Alb-R26Met-transposon genes 
overlapping with other studies. Horizontal bars: total number of genes for each screen used 
for analysis. Dark grey squares: datasets used in each comparison. (B) List of Alb-R26Met-
transposon genes not identified in previous liver transposons studies, named ‘putative RTK-
specific genes’, ordered according to the mutation frequency. (C-F) Enrichment analyses by 
applying the Enrichr tool. (C) Clustergram reporting the kinases enriched according to their 
co-expression with ‘putative RTK-specific genes’ (Co-expressed with kinases, ARCHS4 
kinases Coex database). (D) Clustergram reporting kinases recognizable by signatures of gene 
perturbations (upregulation/downregulation) following kinase knock-down (LINCS L1000 
Kinase perturbations up/down databases). (E) Clustergram reporting transcription factors 
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enriched according to either co-occurring (left: Enrichr submission TF-Gene Co-occurrence 
database) or the consensus targets (right: ENCODE and ChEA consensus TFs from ChIP-X 
database) with sets of ‘putative RTK-specific genes’.  (F) Clustergram reporting enrichment 
of biological processes (Gene Ontology Biological processes database). In D and E, enriched 
kinases and transcription factors belonging to the Alb-R26Met-transposon genes are indicated 
in red. 
Fig.8. Generation of cellular systems for functional exploration of Alb-R26Met-transposon 
genes and functional validations in vitro and in vivo. (A) Schematic representation of the 
overall strategy employed for generation of immorto-R26Met and immorto-WT hepatocytes and 
their use to assess functionality of Alb-R26Met-transposon gene sets. R26Met (top) or wild-type 
(bottom) livers were dissected from E15.5 embryos and use to established primary embryonic 
hepatocytes, which were then immortalized with a retrovirus carrying the SV40 LargeT 
antigen. Cells were then transfected with plasmids carrying the shRNA sequence targeting the 
tumour suppressor candidates. Cells were used for molecular analyses to evaluate the extent 
of gene downregulation, and for functional studies using anchorage-independent growth (soft-
agar) assays and xenografts in nude mice. (B) Quantification and analysis of METtg versus 
endogenous MET levels using protein extracts from immorto-WT and immorto-R26Met 
hepatocytes. Note that the MET protein levels present in 10 µg (γ) of total immorto-R26Met 
hepatocyte protein extracts are comparable to those found in 30 µg of control extracts. The 
anti-MET25H2 antibodies recognize both endogenous and METtg proteins. (C) Western blot 
analysis of total protein extracts from immorto-WT and immorto-R26Met hepatocytes before 
and after HGF stimulation (50 ng/ml). Results show that in these cells phosphorylation of 
MET on Tyr1234-1235 (within the kinase domain reflecting MET activity), Tyr1003, (critical for 
MET protein ubiquitination/degradation), and Tyr1349 (one of the two multifunctional docking 
sites critical for MET signalling[24, 42, 43]) as well as of GAB1 on Tyr627 are is dependent on 
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HGF stimulation. Basal phosphorylation levels of AKT and ERKs are increased upon HGF 
stimulation. A scheme summarizing the main tyrosine residues in MET is reported on the 
right. In B and C, Actin was used as a loading control. (D) Graph reporting the number of 
colonies formed in anchorage-independent growth assays by immorto-R26Met hepatocytes 
transfected with a shRNA sequence targeting the indicated R26Met-transpson genes compared 
to control cells (either non-transfected or transfected with a shRNA control sequence). Note 
colony number formation of immorto-R26Met hepatocytes with downregulated candidate genes 
compared with control cells. (E) Quantification of tumour volume in mice injected sub-
cutaneously with immorto-R26Met hepatocytes transfected with plasmid carrying the shRNA 
sequence targeting the indicated gene compared with control cells (either non-transfected or 
transfected with a control vector). The dark-dot in Adk corresponds to a tumour dissected for 
ethics. (F) Quantification of tumour volume in mice injected sub-cutaneously with immorto-
WT hepatocytes transfected with plasmid carrying the shRNA sequence targeting the 
indicated gene compared with control cells (either non-transfected or transfected with a 
control vector). Note no tumour formation. Significant differences compared to controls are 
indicated on the top. *:P<0.05; **:P<0.01; ***:P<0.001 (n.d.: not determined).  
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**
2,94939146 2,19636343 2,57867287 2,55529236 2,98639788 2,80984512 2,55986767 2,37132278 2,02572027 2,37898575 2,93910746 1,53732193 2,78609047 1,70092699 2,87811864 2,72402517 2,07255551 2,49068694 1,70838849 2,01520303 1,89815414 1,57954087 2,06054333 1,31340113 2,11881513 1,73348445 1,97517731 2,1792961 1,48639883 1,73623441 1,44496093 2,06625287 1,86727623 1,65107424 1,56203792 2,73423448 1,65988111 2,0306047 2,68470455 2,27241756 1,84746137 1,67305603 2,43070046 1,94829947 2,26958745 1,38334153 1,02108175 1,80788665 1,93603989 2,28834666 1,42003187 2,17114723 0,48581232 0,87732566 1,59180371 1,87870526 1,40845688 1,5038881 1,43492206 2,32805994 1,7571481 1,69210526 1,61575303 2,23291575 1,16473742 2,0660495 1,29925881 1,28819575 1,76533392 2,06570321 1,55603337 1,82534156 1,55909554 1,78306245 0,80983356 0,37240336 1,38130966 1,58699746 1,31195381 2,51665655 1,78235463 1,98358507 0,92920045 1,91177652 1,20142916 1,08433599 2,19187352 1,22996921 1,56759976 1,30072003 1,50232828 1,62548206 1,29360257 0,38736566 0,68841102 1,78057877 0,92521946 1,79843158 1,71342925 1,69940882 1,27849594 0,5768575 -0,05202962 0,64475544 0,79263404 0,48360193 0,94259544 -1,11670162 0,99756899
1,8047421 1,79808641 2,31109047 2,57599273 2,69922343 2,46944718 2,42698815 1,54731788 1,91482996 2,6749264 1,96594964 1,965623 1,77571173 1,84869497 1,53911772 2,18258423 2,37092395 2,02843695 1,06692377 1,58707045 1,00135051 1,44664198 1,13467354 1,46543396 1,37941824 0,93339624 1,26359017 0,7036451 1,775913 1,37280536 1,50031414 1,51692757 1,57595127 1,6813852 1,38911114 1,1487388 1,59319347 1,69572515 1,73154985 1,91175128 1,59956749 1,04418557 2,05395537 1,17930682 1,31907544 0,98856047 1,15377184 1,57745355 2,28233024 1,7388676 1,23799609 1,42581894 1,03428626 1,52780466 1,13220124 1,26630775 1,21508222 1,55451471 1,08213358 1,40284358 1,4379399 1,19177363 1,13042179 1,15269706 0,6005845 1,07970145 1,56869253 1,95226199 1,09715335 1,25971062 1,00246699 1,02461467 1,24308162 0,82101443 0,52653098 1,04752634 0,4346638 1,20438412 0,39148415 0,68694256 1,10480739 0,94257816 1,25033233 0,75462236 0,88150912 0,55313556 0,99735959 1,29986207 0,90494241 0,9318142 0,93691588 1,09628922 1,24987581 0,4350746 0,77550053 0,69894326 0,49415127 1,03529171 0,82046122 0,60886373 0,15525418 -0,01481739 -0,53085398 0,46439036 0,35588407 0,59618066 0,88037121 -1,40673195 0,7655968
1,71330932 1,81761631 2,10837778 2,12456749 1,76790494 2,15674368 2,29626767 2,57141473 2,11366052 1,50134472 1,53442123 1,4727248 1,46499061 1,67814089 2,37577637 2,41380913 2,49449314 1,32754296 1,87352483 1,33186552 1,03109536 2,02798681 2,85070616 1,53722187 1,64721962 1,63157263 1,55559618 1,02855286 1,570893 1,46699667 0,924114 1,39870892 1,64460819 2,13329738 1,625559 1,55243812 0,77394785 1,36248152 0,98134673 1,89057904 1,42589968 1,37209953 0,83324311 1,79112357 1,18284971 0,9988216 1,17547855 1,07194135 2,14100735 1,08911512 1,6191873 0,54623833 0,75279252 1,29253923 1,19276081 0,94563486 0,65788022 0,68422588 0,33701605 1,38495176 0,64797765 0,72626173 0,852951 1,07397885 1,65842012 1,0856179 1,11732331 1,27668986 1,40401461 1,0455152 1,43140259 0,97950466 0,32930698 0,70265162 1,49131003 1,74153054 1,39045694 0,96454585 1,00775731 1,03879843 1,44679645 1,14799465 1,2984488 0,73925247 0,39667793 0,92624217 1,82205185 2,2687291 0,91685127 1,10321091 0,67621598 0,37500139 1,03932598 0,24940329 1,53811382 0,6675522 1,53113678 0,0308773 0,08157028 0,8788437 0,83401586 0,59681804 0,07370811 0,44546641 0,71929831 1,10927132 1,25291319 0,27044318 0,55145555
2,36067161 2,30568822 2,45116347 2,60617266 2,93389025 2,26137573 2,32038982 2,59417508 1,8316645 2,38212846 1,87000835 1,20199217 1,58015474 2,59203829 2,4258219 1,65904423 2,3134502 1,55622391 1,56462537 1,92044805 1,65640519 1,63205356 1,62616069 1,9117111 1,45476983 1,74208118 1,30178434 1,78250054 1,43699765 0,93334522 1,60744633 1,34927198 1,1691632 2,85959005 1,40634387 1,02303905 1,24626424 1,35714147 2,250684 1,39785102 1,3907203 0,84440606 1,75615457 1,24925918 0,97645896 1,24668777 1,15421703 1,51282734 1,85260349 1,20905806 1,31545494 1,26248495 1,59682258 1,16469827 1,82981555 1,62563791 0,99322132 1,29271339 0,83200785 0,972558 0,68292618 1,48127312 0,85593009 1,25039797 1,25257479 0,96890529 0,66632632 1,00931013 1,24480955 0,98861255 1,2656823 1,22369013 1,41853219 0,78785748 1,08454009 0,58488334 0,90140078 0,90957405 0,6816467 0,58368879 0,48006278 1,04241458 0,95094039 1,23831206 1,33841174 1,08534288 0,70641192 0,47887848 1,14907151 0,44386974 0,69647294 -0,11280216 1,2257991 0,91463457 0,15020619 1,30462833 0,44983978 0,52797545 1,15151458 0,15569453 0,25122157 0,79212223 0,44091063 0,04662184 0,3628894 0,14962665 0,87774158 -1,3558435 0,6659841
1,41029605 1,76104745 2,48033372 2,44634654 2,42565422 2,42044279 1,94139113 1,66196803 1,56628181 1,8180009 1,66477298 1,61039451 2,00965187 2,38839812 1,55485302 1,74797734 1,95081961 1,09504632 1,59446947 1,98163466 1,04814949 1,72486249 1,93502791 1,19665021 1,38921658 1,11465207 1,7414536 1,38674465 1,51636344 1,48937695 1,18711341 1,38047067 1,48909784 1,59828932 1,12936226 1,21948217 1,37048527 0,87052889 1,60285936 1,66297811 1,26562605 1,63420475 1,43995666 1,423503 1,33833964 1,42952503 1,25193731 1,15232135 1,5511495 1,31515865 1,28658457 1,2468341 0,8368556 0,60762031 0,88500667 0,93412967 1,37452552 1,46609091 0,44180055 1,09950329 1,29764015 0,83403399 1,09902503 0,82740963 1,25344411 0,82760967 0,96847032 1,24937892 0,66027918 0,9521703 1,31006279 1,86131822 0,99676 0,97608167 0,24919627 1,20315256 0,77510758 1,09544564 1,01378238 0,97313549 1,15024715 1,69559076 -0,61723639 1,06728035 0,64935306 0,77376874 0,73646251 0,77209065 0,96623208 1,37184872 0,90208763 1,01117987 0,77905062 -0,09366345 1,65583438 0,8811823 0,3803548 0,69411123 0,6297139 0,3722631 0,48359981 0,42742018 -0,54364516 0,97504763 1,04254846 0,75957826 0,70101448 -1,50120519 0,63638809
3,0042086 1,38571907 2,47750871 1,67505273 1,68010665 2,35363395 1,87423375 2,64008317 1,15728195 1,74787265 2,54777226 2,23191936 1,1257742 2,6515337 1,58864445 1,93208867 1,84403235 1,80167456 1,59597169 1,47995026 1,23445647 1,93784554 2,10574997 1,93541527 2,0406501 2,17339415 1,27807916 1,16575529 1,61906842 2,02006658 1,06490472 1,01448739 1,3110388 1,61205467 2,42423742 0,74070954 2,06127783 -0,08416757 1,67290536 0,7177445 1,3411717 1,05821775 0,66162709 2,27550448 1,73410974 1,36616966 0,5560707 1,84593381 0,98028449 1,97330609 2,32436264 0,66465894 1,43826755 1,41138923 2,14541268 1,81173637 0,82971859 1,05763236 0,80509764 1,50589619 1,14877309 0,9813682 1,26949097 1,27347955 -0,29605412 1,17430487 0,95335222 1,24320895 0,5274408 1,30121907 1,05434173 0,72639397 0,7149579 1,20462102 1,56471262 0,25696423 1,49856104 -0,08253717 1,16778333 -0,53152208 0,77786689 0,64126855 0,25548564 1,23471475 -0,18094566 0,82585198 0,06489377 -0,16243559 0,30587274 0,55506223 0,96467814 0,06816778 0,66518685 -0,07942543 0,37774848 1,2745856 0,65612158 0,68294455 0,58119242 -0,05107752 0,43496915 1,06266463 -2,03933866 0,06138806 0,96884457 0,10722801 0,57678896 -5,30070342 0,39531951
1,45904791 1,71825313 2,71883612 1,78634551 2,37636864 1,15227325 1,25485453 1,44765365 1,07496237 1,81905856 1,54879658 1,31448083 1,43479845 1,18485757 1,01871132 1,70566789 1,36305167 1,11622622 2,20474584 1,03560112 1,27354575 0,15530543 0,57508568 1,69758592 1,29677444 1,04362481 1,13324336 1,21177618 1,12526001 1,37816756 0,69892 0,95056827 1,02840963 1,35057525 1,1968459 0,87785699 1,38577462 1,04062638 1,45850681 1,66049666 1,34854916 1,09977276 1,04107211 1,05774294 1,33866175 0,49223608 1,59590134 1,19610718 1,34761343 1,78538844 0,46358861 1,35242198 1,17460355 1,08407738 2,12188363 1,31980649 1,05474186 0,78107465 1,10845878 1,0992713 1,2776586 0,6464626 1,87280487 2,29876343 0,82624747 1,56131675 1,26416335 0,06071584 0,47614184 1,32346681 0,71289241 1,14162077 0,31355345 1,24974628 1,07144333 2,0174539 1,2252315 0,63215669 0,71743045 0,6017811 0,56078948 0,74759677 1,27048338 0,22492276 0,04508632 0,20559309 -0,03619059 0,704312 -0,26068686 0,65235852 0,43193448 -0,59438266 0,42586968 0,80027668 -0,28391332 0,68188549 0,13972188 0,53116218 0,73288883 -0,10369334 0,1216985 -0,26264546 -0,95709993 0,62671046 1,00384509 0,21638608 0,98596954 -2,15827789 0,36391934
1,98807005 2,17698129 1,76269374 2,23868121 2,22548998 1,54529437 1,66060649 2,61020852 1,0253504 1,05871695 1,75136827 1,5256426 1,55337996 2,23468907 2,2093048 1,73375026 0,88140534 1,97081509 1,72651353 1,55299096 1,57547568 1,57638455 1,7423893 2,36105052 2,88286717 2,0397263 1,29378466 1,86479953 0,63488491 1,23890828 1,09254857 1,45161071 1,26596851 0,94167344 0,73177962 1,41180577 1,15065542 1,16637386 0,61828711 1,53189449 1,8497474 0,98880981 1,41885025 2,1415243 1,70497401 0,80555809 1,51273839 1,30627341 0,73487959 1,51470615 1,02989702 0,50959423 1,64463854 0,23018039 0,62482344 1,52268087 1,18119496 0,70956584 1,36855457 1,08144984 0,54537979 0,67219539 0,7657188 0,74457294 0,73313765 1,36907811 0,61610788 0,65092011 1,63699599 0,85566211 0,65394022 0,64342219 1,83201717 0,98085111 2,1382337 0,6611894 0,97062157 0,72184712 0,18351913 1,68789871 0,98022392 0,77610206 0,26529813 0,46865926 1,43056717 0,83151597 1,81001913 0,48230351 1,21695556 1,7732182 1,33829009 -0,29666704 0,45746316 0,65092376 0,43172397 0,63315294 1,35955283 1,56861882 0,83066531 0,37053892 1,33445951 0,26975132 0,36946908 -0,05374327 0,10354808 -0,29010082 0,04500548 -1,15865212 0,88849677
2,20402149 1,44356825 2,35123537 2,51264475 2,56393966 1,82525935 1,71039097 2,50280621 1,72321373 1,68760689 1,23067668 1,43727048 1,1201404 2,28168303 1,88382709 2,06904938 2,00667468 1,27868203 1,33226545 1,97824744 1,11661363 1,70450852 1,82372984 1,65248484 1,41491082 1,52429788 0,87764422 1,20349973 1,26420983 1,57478295 2,08321641 1,68615624 0,8611294 1,15046985 1,49105461 1,65471548 1,06906932 1,04225249 0,41929656 1,22638647 0,79500928 0,97009786 1,08787304 1,67437071 1,54439709 0,74581527 1,07574337 0,92616942 1,47986574 1,79121009 1,04712546 0,98407579 1,47877848 0,02386077 1,02772658 0,49184535 0,84768319 0,69042848 1,6172551 0,73923637 1,03534409 1,59506518 0,60681518 0,00620331 1,48370469 1,11846477 0,6312556 0,51768432 1,08246097 0,59325849 0,78119737 0,60629312 1,0713362 0,56514978 1,9354094 0,73365286 0,74310778 1,63082754 0,46369353 0,91195181 1,14115456 0,52586709 0,72651062 0,409872 0,82840355 1,25596426 1,11816014 1,27281317 0,96136949 0,65689148 0,3019003 0,28594283 0,63138016 0,87032201 0,36125836 1,19176748 0,44590747 0,85729054 -0,0146019 -0,12994274 1,00829878 0,61291255 0,371268 0,59609439 0,92556545 0,34786977 0,50032357 0,45276838 0,52807601
1,82503505 1,96576542 1,77788283 1,9309674 2,69951852 1,81820711 2,62194832 2,48697073 2,0769361 2,13258123 1,26738232 1,4108389 1,79374479 1,75495082 1,24967248 1,99341849 2,1752551 1,35647488 1,85094184 1,49204391 1,3757418 1,49470488 2,04235829 1,24581821 1,07450572 1,70031973 1,51981221 1,40495957 1,58356517 1,68242714 0,63671275 1,03082576 1,54904362 1,5614508 1,47679497 1,92777902 0,9596958 1,06055227 2,17849211 0,96354408 1,14007315 1,26331165 0,68507491 1,23149753 1,32299418 1,157723 1,11269709 1,19940563 1,85883677 0,62315571 0,89020384 0,84493066 0,84453594 0,49874501 1,0632784 1,12384413 1,26287453 0,79550565 1,11092564 0,89917578 1,29649982 0,78852585 0,42506972 0,9299942 1,73025646 0,48053492 0,776613 0,95615483 0,56681809 0,94825736 0,78590859 1,12124614 -0,2074983 1,14430688 0,52118069 1,23227573 0,2062996 1,05047094 1,01880809 1,58512404 0,69895009 0,94824664 0,29144667 0,65023811 0,66986247 0,92577829 0,70373475 0,75365945 0,64873663 0,40247772 0,41175672 0,66330956 0,96512882 -0,74174858 0,04965612 0,79256661 1,4110252 0,42480206 0,45253221 0,79204952 0,22253046 0,70890637 -0,38880819 0,29079014 0,50279231 0,10467397 0,63860471 -1,54033566 0,69862216
2,13582483 1,37150018 2,06438911 1,70909664 2,68668095 1,61601535 1,79160779 2,56587125 1,4378717 1,29688574 1,09321136 1,22476326 2,09124656 1,4498744 2,03622126 1,70873841 0,95217531 1,38437313 1,86437362 1,48281882 0,84784374 1,53187028 0,73838774 0,99796128 1,07390448 1,85591655 2,28192831 1,71857227 1,12256123 2,09247904 1,53237202 0,05508365 2,19808098 1,40991285 1,58471377 1,31996069 0,83787274 1,48694247 0,82338035 0,55262553 1,57787024 -0,1235608 0,65911616 0,36264876 1,70879822 1,37916904 1,29947688 1,00522898 1,26108874 0,74542171 0,81547859 1,49561821 1,02181962 1,18986228 0,5250686 0,78948238 1,22017841 0,94608949 1,04428952 0,77950055 0,86743585 1,07288453 1,2027025 0,27247677 0,73015481 0,24593041 1,02949081 1,68100734 0,71658361 0,49108284 0,72686539 0,90517851 0,45044289 0,74467171 -0,24302926 1,21946808 1,120869 2,02369422 0,61844751 0,63798229 0,56555766 0,74997934 -0,05118976 0,26672504 1,13211366 1,17133754 0,49015156 -0,00537595 1,74019191 0,34560854 0,45468909 1,706651 0,98390799 -0,3436545 0,77327511 0,97009923 -0,09303941 0,73390894 0,56706696 -0,41418434 0,17838547 1,42278368 -0,7038887 0,44514018 0,83632623 0,17434397 0,44194252 -2,81667345 0,56539965
1,29084647 1,5064445 2,31548557 1,63361386 1,67419634 1,60106057 0,90865797 2,1104275 1,35718613 1,41627808 1,57509441 1,18532766 1,41533826 0,65500461 1,43548047 2,09043797 1,52078668 0,9695286 1,28836214 1,13145272 1,37024336 0,93091664 0,6436775 1,26673487 1,38339335 1,69101284 0,94360668 0,75230456 0,83480697 1,23119511 1,556236 1,03682371 0,70439823 0,86568434 0,95913504 1,10985972 1,09691442 1,28786003 1,50095547 1,76630667 1,21228942 0,7263267 1,33391052 1,08075882 1,06973629 1,16454512 0,71046975 0,92213805 1,05296024 1,38149724 0,87007442 1,17774155 1,23110497 1,54432524 1,00065412 1,3194682 0,43542529 0,74360729 0,38069916 0,59379016 0,87604919 0,86725367 0,26302548 1,31208132 0,2806419 1,04696956 1,04566447 1,1263876 0,81277136 1,26018127 1,19261396 0,59698576 1,22070408 0,76704755 0,94181252 0,91345 0,94627417 0,80469788 0,82135329 1,56171907 0,57544234 0,66893356 1,13612172 0,82400448 0,60247969 0,60862752 1,1295155 0,87265438 0,69425239 0,58871437 0,66061242 -0,18873362 0,51016118 1,06749125 0,86098929 0,69606255 0,67742527 0,96194979 0,34884924 0,72629649 0,70828934 0,36149039 -0,00892114 0,93357591 0,40462232 0,44572401 0,67400831 -0,36232148 0,63690422
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